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Abstract

The dose optimization algorithm based on anatomical points is developed to produce rapidly uniform doses over target
distances generated on the target volume edges in high-dose-rate (HDR) brachytherapy stepping source application for a
treatment length of 6 cm. Monte Carlo modeling of the ®®“Co HDR brachytherapy source and the surrounding medium were
performed using PHITS code. The source dwell times were optimized using Tikhonov regularization in order to obtain uni-
form dose distribution at the anatomical points located at predefined target distances. The computed dose rates at distances
from 0.25 up to 20 cm away from the source were first verified with the literature data sets. Then, the simulation results of
the optimization process were compared to the calculations of commercial treatment planning system (TPS) SagiPlan. As
a result, the dose uniformity was observed in the isodose curves at the target distances of 10 and 15 mm of the treatment
length and the prescribed dose achieved the anatomical points uniformly. The algorithm developed in the present study can be
applied for achieving the dose uniformity around the brachytherapy stepping source as a quicker tool for different treatment
lengths and different target distances while maintaining the high quality of the treatment plans, saving time by avoiding the
manual isodose shaping and then better suitable treatment for patients.

Keywords High-dose-rate - Stepping-source - Dose-optimization - Tikhonov

Introduction target tissue. The high dose rate (HDR) brachytherapy is

performed with remote afterloading systems, where the

Cancer can be treated with different irradiation methods,
externally or internally [1]. In the external therapy, the
tumor is irradiated from different directions outside from
the patient’s body, like intensity modulated radiation therapy
using a linear accelerator [2]. In internal radiation therapy,
called brachytherapy, the patients are treated with the sealed
radioactive source placed very close or in contact with the
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source is welded to the end of a transfer cable, which is
small enough to move freely through a catheter. The various
types of available brachytherapy sources vary according to
their geometry and the isotope selected (lgzlr, 1251 60Co,
232Cf...) [3-5]. The development of small single source pro-
jectors, able to define a programmed series of dwell times
and positions and offered the possibility to adjust the time
by position. The optimization of these parameters offers the
possibility to modify the dose distribution in order to find an
optimal treatment plan (dose plan), which satisfy the clini-
cal goals.

A single catheter with linear geometry implant is often
used in the treatment of cancerous lesions in cervix, esoph-
agus, rectum and endobronchial cancer [6]. The stepping
source within the catheter in brachytherapy applications is
used to treat a tumor lesion that is longer than the effec-
tive treatment length of the source [7, 8]. One of the main
challenges in brachytherapy is to select the optimal com-
bination for particular treatment parameters to produce
dose distribution that best conforms to the purpose of the
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clinical treatment. The optimal sequence of dwell times and
positions of the stepping source are determined using the
information of the patient’s anatomy and the position of the
implanted catheter. Moreover, to achieve the desired dose
distribution, anatomical points can be generated relative to
the target volume that cover the specific area to be irradiated,
and then the desired dose is prescribed at these points.

In order to find the treatment plan which best matches
the clinical goals, the inverse planning or forward planning
can be used. In forward planning, the dose plan is obtained
manually using various tools available in the treatment
planning system software. The resulting dose distribution
is evaluated according to clinical goals for the volumes of
interest and repeatedly adjusted until comes close enough
to the clinical purpose. Inverse planning instead starts with
the desired criteria and then a plan is computed that satis-
fies these criteria as well as possible. For inverse planning,
mathematical optimization is commonly used [9].

The mathematical models for dose optimization must,
therefore, lead to a correct coverage of the target volume,
to homogeneity as high as possible in the target volume and
a rapid decrease in the dose outside this volume. Several
mathematical models for dose optimization have been pro-
posed for dose planning in brachytherapy, can be found in,
for example, Morén et al. [9], Lahanas et al. [10], Giantsoudi
etal. [11], and Holm et al. [12] and an overview in De Boeck
et al. [13]. This paper considers such models which have
not been established before in brachytherapy applications,
the mathematical model is referred to Tikhonov regulariza-
tion. This method has been applied for the inverse treatment
planning in the radiotherapy optimization problems by many
research groups [14-16].

The purpose of this study was to investigate the dose rate
distribution around HDR brachytherapy source. Moreover,
this study presents a mathematical algorithm where the clin-
ical objectives are defined as mathematical equations for
developing the treatment plan of a high dose rate brachy-
therapy application. The regularized solution of the inverse
problem using Tikhonov regularization allows for a quick
generation of the treatment plans in order to obtain correct
coverage of the target volume with the smoothest dose dis-
tribution while sparing normal tissues.

Materials and methods

Geometry of the stepping source

The BEBIG %°Co source model Co0.A86 is made of an
active Cobalt cylinder with a density of 8.9 g/cm®. Its active
length and diameter are 3.5 and 0.5 mm, respectively. The

active core of the source is incorporated in a thin air gap of
1 mm and converted by 316L stainless steel capsule with
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8.04 g/cm?® density. The percentage of the elemental com-
position by weight of the capsule is C (0.03%), N (0.75%),
Si (0.045%), P (0.045%), S (0.03%), Cr (17%), Mn (2%),
Fe (65.543%), Ni (12%) and Mo (2.5%). The details of the
source geometry can be found in Badry et al. [17].

TPS dose calculations

In this study, SagiNova afterloader machine equipped with
a source of Cobalt-60 was used. The software used for the
HDR remote afterloading system is SagiPlan TPS (version
1.0), it was designed and developed by Eckert & Ziegler
BEBIG in Germany. This software version allows the man-
ual and automatic optimization with a variety of tools and
manual isodoses shaping. It can reconstruct one or more
applicators and calculate the optimal dose distribution based
on the contoured volumes and prescribed dosage. SagiPlan
TPS of the SagiNova machine is currently being used for
BEBIG %°Co HDR brachytherapy practice at Al Azhar
Oncology Center in Rabat, Morocco.

The dosimetric parameters of the source; the radial dose
function, g; (r), and the anisotropy function, F(r, 0), were
extracted from this treatment planning system.

Monte Carlo calculation

To calculate the dose distribution around the stepping
source, we employed the Particle and Heavy Ion Transport
code System (PHITS) version 3.02 running on the Ubuntu
operating system at the Applied Research Laboratory of the
High Energy Accelerator Research Organization, KEK. In
PHITS package, a graphical utility (ANGEL) is included for
the visualization of the obtained results as well as the setup
geometries used for simulations [18]. PHITS has proven
its applicability in various fields related to space radiation
dosimetry, heavy ion radiotherapy and medical physics
[19-21].

To confirm whether the PHITS computation results were
reliable, we performed a computation for the radial dose
function, and then the obtained results were compared with
the literature data [22] and with the extracted values from
TPS. Dose calculations are based on the American Asso-
ciation of Physicists in Medicine Task Group No. 43U1
(AAPM-TG43U1) formalism [23]. The source was placed
in the center of the water phantom while the longitudinal
axis was along the Z-axis. In addition, cylindrical rings con-
centric to the longitudinal axis of the source with similar
height and thickness of 0.05 cm, for the distance ranging
from 0.25 to 20 cm were used as scoring zones. On the other
hand, a grid system composed of small spheres of different
radii were located at selected radial distances and angles in
order to obtain the anisotropy function. The simulated angle
0 increases from the source tip to the cable side of the source
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from 0° to 179°. The simulations were performed for 5 x 10®
photons histories and the maximum of Monte Carlo statisti-
cal errors was 0.8%.

To obtain the dose distribution around the step-
ping source, a cubic geometry mesh with a dimension of
2x2x2 mm? was used; this cubic mesh corresponded to
a plane in the longitudinal direction of the source with the
dimension of 20 x 20 cm?. The simulations were carried out
using the (RI) source function in PHITS code, where the
source was considered isotopic with an activity of 62 GBq.
The tally T-Deposit was used to score the energy being
deposited in the mesh by electron produced from photon
interaction. The results of this tally were normalized in
unit of second by setting the parameter norm to zero in the
section of the source definition. The simulations were per-
formed with the Electron Gamma Shower computation mode
by setting the parameter negs to one. The cutoff energies of
10 keV and 100 keV were applied for photons and electrons,
respectively. A total number of 5x 10% photon histories were
scored for each source step of the treatment length.

Dose calculation around the stepping source

Dose distribution around the stepping source was calculated
to obtain the isodose curves in the longitudinal plan for the
treatment length of 6 cm. The source stops at 25, 13 and 7
dwell positions in 2.5, 5 and 10 mm steps, respectively. The
anatomical points were generated at 10 and 15 mm directly
away from the center of the source for each dwell position.
The prescribed dose that should receive all the anatomical
points was chosen to be 6 Gy.

Figure 1 shows the geometry of the stepping source
and the anatomical point P, located at a distance d from
the source center at each position. The received dose by
these points is the sum of the product of the dwell time and
the corresponding dose rate of the source at every dwell
position.

P
l
* k Kk Kk Kk Kk Kk Kk Kk Kk Kk *x Kk

d

Active length (L)

Dwell positions with 5 mm separation
Anatomical points

Fig. 1 Example for location of the anatomical point (P) relative to
13 dwell positions with 5 mm separation for the treatment length of
6 cm. d is the distance between P and the center of the source center
at each dwell position

Optimization algorithm

For a given number of n, dose points, each of these points
receives a dose contribution of m, dwell positions, the opti-
mization problem can be expressed by the minimization of
1 between the prescribed and calculated doses:

n;

2= (D~ D) )

i

where D, , is the dose prescribed in point i. D, . is the dose
calculated at point .

The calculated dose at point i from each position j of the
source is:

m,

Do = Y Dy xT, 2)
=1

where D ; is the dose rate in (Gy/s) at the anatomical point
i at the dwell position j for the corresponding dwell time 7;
in (s).

The dose matrices were obtained for each dwell posi-
tion separately in PHITS calculation since the length of the
source is greater than the distance between two successive
dwell positions for 2.5 mm step.

Let D be the dose matrix of size n, X n, obtained by
PHITS calculations and T is the dwell times vector of size
n,. The linear system Eq. (2) can be describe as shown in
the Eq. (3):

D-T=D, 3)
where D, is the calculated dose vector of size n,.

The linear system expressed in Eq. (3) can be described
as the product of dose matrix and vector of dwell time val-
ues. This kind of linear problem is referred to the inverse
problems, i.e., problems that require the determination of
the unknown input to a linear system from the known output.
In our case, the unknown inputs are the dwell times and the
known output is the prescribed dose at the anatomical points
(6 Gy). The solution of our inverse problem is therefore to
find the dwell times of the source at each position in order to
deliver uniform dose (100% of the reference dose of 6 Gy)
along the treatment length.

The dose matrix D is ill-conditioned since its calculated
condition number was about 10°. The computation of useful
approximation of T can be accomplished by replacing the
linear system of Eq. (3) by a nearby system. This replace-
ment is referred to Tikhonov regularization by introducing
a stabilization parameter, this method has been widely used
[24-26].

The Tikhonov regularization method replaces the ill-
posed problem in Eq. (3) by a minimization problem whose
the general form is:
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min { |07 =D, + a0 (7= 1)} @

where A is a positive constant called the regularization
parameter that determines the amount of regularization and
to control the solution vector, L represents the first or second
derivative operator, which is chosen to incorporate desirable
properties on the solution, T is an estimated solution for a
priori information. Here and below y? denotes the 2-norm.
In general, choosing 7, as zero and L as an identity
matrix gives a standard Tikhonov regularization form:

min { DT = D, |} + 217113} )

For any fixed 4, the system in Eq. (5) has a unique solution
can be expressed as:

T,=D'D+ i~'D'D, (6)
where DT is the transpose of the dose matrix D.

In order to solve Eq. (5), the dose matrix D can be
decomposed by means of Singular Value Decomposition
(SVD) as follows to give a further survey to the solution.

n;

D=UY V"= uoy] )

i=1

where X is a diagonal matrix with the singular values, satis-
fying: Y = diag(o, ...0,),0, > 0, > ... > 0, > 0 and the
matrices U and V consist of left and right singular vectors
U= (ul ...uz),V = (vl ...vz).

Tikhonov solution of Eq. (6) can now be given using
SVD as:

®)

u'D.
i ¢
Vi
i

y
T,= ;fi .

where f; = a;—;,i =1...n, being the Tikhonov filter
factors. l

The determination of a suitable value of the regulari-
zation parameter 4 is an important task. In the literature,
there exist several procedures to estimate an optimal regu-
larization parameter value for the inverse problem. These
methods aimed to choose the regularization parameter
that can controls the degree of regularization applied to
the problem and then satisfies some criteria or obtains a
parameter that minimize functions [27-29]. In this study,
the L-curve method was used for choosing the regulariza-
tion parameter A [30-32].

For this purpose, the residual norm ||DT, —D,|,
and solution norm ||7,||, were calculated and plotted
in a log-log scale diagram for several regularization
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parameters. The norm of regularization solution and cor-
responding residual can be calculated as:

o u'D, ?
In - 3 (#7) ®

[ l

=

;

Ip7, =D ;= X ((1-£)o!D,)* (10)

i=1

The optimal value of the regularization parameter A can be
found in the vicinity of the L-curve corner constructed by
the regularized norm and the residual norm, presented in
log—log plot, where both values achieve their minimum that
satisfy the clinical purpose of the present study which is
the minimization between the prescribed and the calculated
doses.

In order to assess the treatment plans developed in the
present study, the cumulative dose—volume histograms
(DVHs) were obtained from the SagiPlan brachytherapy
TPS based on the optimized dwell times resulting from the
Tikhonov regularization method.

Results

The radial dose function of the BEBIG ®’Co HDR source
was estimated using the output files of PHITS code. The
dose distribution was calculated along the transverse axis
of the source and normalized by the dose obtained at the
reference point, as described in the TG-43 formalism [23],
which is located 1 cm from the source center. The radial
dose function values were tabulated (Table 1) and presented
in Fig. 2 for distances ranging from 0.25 to 20 cm.

To validate the results of the PHITS calculations, a com-
parison was made with published data [22] and the extracted
values from SagiPlan TPS. Moreover, to illustrate this com-

. . 81(rreference
parison the ratio ==—"l wag ysed and the results are pre-

81 ()jthis work]
sented in the Fig. 3.

The calculated anisotropy function at selected radial dis-
tances ranging from 0.5 to 8 cm and angles from 0° to 179°
are presented in Fig. 4.

The dose distributions related to the treatment length
of 6 cm in the longitudinal plane of the BEBIG %°Co HDR
stepping source were obtained by PHITS code for each
step. Our calculations were performed to achieve uniform
dose distribution at the anatomical points for the target
distances of 10 mm and 15 mm. The Eq. (8) was solved
for several values of A4 with the dose matrix obtained for
each step in PHITS calculation. Then, the calculated solu-
tion norm ||T,||, versus residual norm ||DT — D_||, were
presented in a log—log scale diagram (Fig. 5). The corner
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Table 1 Monte Carlo calculated values of the radial dose function

r (cm) gL
This work Badry et al. [22] SagiPlan TPS

0.25 1.057 1.069 1.007
0.5 1.031 1.027 1.036
0.75 1.007 1.015 1.015
1 1.000 1.000 1.000
1.5 0.991 0.993 0.992
2 0.986 0.987 0.984
3 0.970 0.967 0.968
4 0.953 0.950 0.952
5 0.933 0.931 0.936
6 0.918 0.920 0.919
7 0.901 0.902 0.902
8 0.884 0.882 0.884
9 0.869 0.865 -

10 0.848 0.844 0.849
12 0.815 0.811 0.813
15 0.756 0.754 0.756
20 0.665 0.664 0.665

1.10 |-

—Q@— Badry et al. [22]
—@— SagiPlan TPS
—@— This work

105 -9

g (1)

0.60 [ 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1

Radial distance (cm)

Fig. 2 Radial dose function calculated by PHITS code in water

coordinates of the L-curve plot were marked by a red cir-
cle, which correspond to the optimal regularization param-
eter of 0.0065 and 0.0050 for the target distances of 10
and 15 mm, respectively. Table 2 summarizes the regulari-
zation parameters obtained for the treatment length with
various source steps and target distances. As a result, the
regularized solutions obtained using Tikhonov regulariza-
tion which correspond to the optimal dwell times for the
treatment length of 6 cm, with the stepping size of 2.5, 5
and 10 mm, were plotted in Fig. 6. Finally, the optimal
dwell times were multiplied by the dose matrices of each
dwell position and the isodose curves were obtained using

ANGEL (Fig. 7). In these figures, the isodose curves of 10,
25, 50, 100, 200 and 500% were plotted.

The Cumulative DVHs were obtained from the SagiPlan
brachytherapy TPS based on the optimization process and
presented in the Fig. 8. The reference volumes of 20.43 and
43.85 cm? for the target distances of 10 and 15 mm, respec-
tively, are the volume encompassed by the reference isodose
(100%).

Discussion

In high dose rate brachytherapy, the source dwell positions
and times are vital parameters in achieving desirable dose
distribution. Inverse planning requires an optimal choice of
these parameters to achieve the correct coverage of the target
volume with the lowest receivable dose to normal cells.

In this study, the radial dose function and dose uniform-
ity of the source was evaluated by the application of dose
optimization technique around the HDR stepping source of
%9Co along the target distances for a treatment length of 6 cm
with various source steps. Achieving the dose uniformity of
the source at predefined anatomical points can increase the
efficiency of treatment.

For the radial dose function, the statistical errors of
Monte Carlo calculations increase as the radial distance
increases and the number of histories remains constant. The
results of the reference data correlate well with the obtained
values in the present work, the only exception was observed
at the radial distance of 0.25 cm, where the calculated rela-
tive differences were about 4.93% and 1.14% comparing to
the extracted data from SagiPlan TPS and to results reported
by Badry et al. [22], respectively.

The results of the anisotropy function show good agree-
ment with the extracted values from SagiPlan TPS. The
values decrease as 0 approaches the longitudinal axis of the
source. This can be explained by the increase of source tip
encapsulation and the source cable on the other side.

The calculated values of the anisotropy function on both
sides of the reference polar angle of 90° are mirror images of
each other since the source is considered symmetrical rela-
tive to the transverse plane as described in TG-43 formalism.
However, the values for > 150 were lower than those of
0 < 30, this asymmetry can be explained by the effect of the
source cable length.

The largest differences occur at distances close to the
source, and these differences decrease as the distance
increases from the source center. It can be explained by the
variation of the dose distribution nearby the source, due to
the higher photon attenuation at this zone.

The L-curve method was applied to evaluate the inverse
problem of brachytherapy dwell times. The results presented
in Fig. 5 show that the optimal value of the regularization
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Fig.5 L-curve plots in log—log scale for the treatment length of 6 cm
with 2.5 mm source step for the target distances of 10 and 15 mm.
The corner corresponding to the point of the optimal regularization
parameter is marked by the red circle, it occurs for 0.0065 and 0.0050
for the target distances of 10 and 15 mm, respectively

Table 2 Regularization parameters for the treatment lengths of 6 cm
with various source steps and target distances

Target distance (mm) Treatment length of 6 cm

Stepping size (mm)

2.5 5 10
10 0.0065 0.003 0.0002
15 0.0050 0.0029 0.0001

parameter was located nearby and not at the corner of the
L-curve plot. This can be explained by the effect of the
physical regularization; the dwell time constraints (i.e. all
the regularized solutions must be greater than 0.3 s). The
obtained solutions calculated from the Eq. (8) were different
from the ones obtained in Eq. (3) using the simple matrix
computation, which include negative solutions. However, a
small amount of control by regularization parameter values
makes a marked difference.

The results of Fig. 6 display that the dwell time profiles
reach their maximum at the first and the last dwell position.

Therefore, it takes a longer time to deliver the required dose
at both ends than at the middle dwell positions. The doses
at the middle positions are almost compensated by the dwell
positions nearby.

As can be seen in Fig. 7, the results demonstrate that
the L-curve method can provide effective solutions to the
inverse problem of our studied cases, which is revealed in
the isodose curves of the treatment length of 6 cm with
the various source steps, furthermore, the isodose curve
of 100% cover all the anatomical points. Therefore, the
correct coverage of the target volume with the smoothest
dose distribution and a uniform dose around the BEBIG
%0Co HDR stepping source were achieved.

To verify the practical use of the developed algorithm
in this study, the optimal dwell times resulting from the
optimization process were used as input parameters for
SagiPlan TPS and the isodose curves were generated for
the same percentages of doses as obtained above. The cal-
culated doses at the anatomical points were obtained and
compared to the Monte Carlo calculations (Table 3). For
the target distances of 10 mm, the average dose differences
between TPS and MC calculations were about 1.01, 1 and
1.5% for the stepping size of 2.5, 5 and 10 mm, respec-
tively. Moreover, for the target distances of 15 mm, the
average dose differences were about 1.06, 1.18 and 1.04%
for the stepping size of 2.5, 5 and 10 mm, respectively.

As shown in DVHs plots (Fig. 8), any point on the curve
shows the volume that receives the indicated dose. For
the source step of 2.5 mm and the target distance of 15 m,
the whole target volume received at least 99.85% of the
prescription dose, whereas 97.7% of the target volume will
receive the prescription dose (6 Gy). Table 4 summarizes
the DHV parameters obtained for the treatment length with
various source steps and target distances, including, Vg
(volume receiving 100% of the prescribed dose) and D
(dose received by 100% of the target volume).

Conclusion
In the present study, the BEBIG °°Co HDR brachyther-

apy stepping source model Co0.A86 was simulated using
PHITS code. The radial dose function and the anisotropy
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Fig.6 Dwell time profiles for the treatment length of 6 cm. a—c For target distance of 15 mm. d—f For the target distance of 10 mm with 2.5, 5

and 10 mm step, respectively

function were calculated and compared to the extracted
value from SagiPlan TPS and to the literature data.

A method based on Tikhonov regularization was used
to solve the inverse problem which yields optimal dwell
times for delivering uniform dose to the anatomical points
located at the target distances. The results of the math-
ematical model were used as input parameters in TPS
and the calculated doses at the anatomical points were
compared to Monte Carlo calculations. Therefore, the
results were in good agreement within 1.5%. Moreover,

@ Springer

the prescription dose achieves the anatomical points uni-
formly along the treatment length.

The clinicians could avoid the manual shaping of isodo-
ses to prepare the treatment plans using the algorithm
developed in the present study, while maintaining the high
quality of the treatment plans, saving time and then bet-
ter suitable treatment for patients. In addition, the present
algorithm can be extended for different treatment lengths
and target distances.
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Fig.8 Cumulative dose-volume histograms (DVHs) for the treatment length of 6 cm. a—c For target distance of 10 mm. d—f For the target dis-
tance of 15 mm with 2.5, 5 and 10 mm step, respectively
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Table 3 Comparison of obtained dose by Monte Carlo calculation (MC) and treatment planning system (TPS) at the anatomical points for the

treatment length of 6 cm with 2.5, 5 and 10 mm steps

Stepping Target distance of 10 mm Target distance of 15 mm
siee Dwell index Dwell times Dose MC Dose TPS Relative Dwell times Dose MC Dose TPS Relative
(s) (Gy) (Gy) differences  (s) (Gy) (Gy) differences
(%) (%)

2.5 mm 1 51.38 5.81 5.71 1.75 84.28 5.71 5.63 1.42
2 22.47 6.11 6.03 1.33 49.42 6.01 5.92 1.52
3 0.30 6.09 6.05 0.66 27.38 6.14 6.05 1.49
4 1.00 5.99 5.94 0.84 11.37 6.12 6.05 1.16
5 7.26 5.97 591 1.02 0.30 6.04 6.02 0.33
6 12.23 5.98 591 1.18 2.71 6.00 5.92 1.35
7 15.11 5.99 5.93 1.01 8.15 5.95 5.90 0.85
8 10.25 6.02 5.95 1.18 18.80 5.96 5.88 1.36
9 8.38 6.01 5.95 1.01 19.18 5.97 5.90 1.19
10 543 6.00 5.94 1.01 18.93 6.00 5.92 1.35
11 11.52 5.99 5.94 0.84 18.21 6.02 5.95 1.18
12 10.83 5.99 5.94 0.84 12.93 6.02 5.96 1.01
13 10.49 6.00 5.95 0.84 16.05 6.02 5.97 0.84
14 9.97 6.01 5.94 1.18 20.10 6.00 5.97 0.50
15 7.61 5.99 5.93 1.01 34.90 5.98 5.95 0.50
16 9.17 5.98 5.93 0.84 23.87 6.00 5.94 1.01
17 9.60 6.01 5.94 1.18 23.51 5.97 591 1.02
18 12.79 6.01 5.96 0.84 17.79 6.00 5.89 1.87
19 10.04 6.01 5.96 0.84 10.86 5.98 5.89 1.53
20 9.58 5.98 5.93 0.84 0.51 5.99 5.93 1.01
21 10.41 5.95 5.91 0.68 1.77 6.04 6.03 0.17
22 1.86 6.00 5.98 0.33 7.96 6.09 6.08 0.16
23 1.05 6.08 6.04 0.66 30.84 6.08 6.05 0.50
24 22.56 6.11 6.02 1.50 51.33 6.02 5.92 1.69
25 49.94 5.82 5.71 1.93 70.66 5.72 5.63 1.60

5 mm 1 71.18 5.96 5.90 1.02 129.20 5.82 5.74 1.39
2 1.77 6.05 6.04 0.17 38.24 6.16 6.05 1.82
3 21.81 5.97 5.92 0.84 6.16 6.03 5.97 1.01
4 19.76 6.01 5.94 1.18 23.14 5.96 5.89 1.19
5 21.22 6.00 5.94 1.01 38.34 5.98 5.91 1.18
6 15.75 6.00 5.92 1.35 36.75 6.01 5.94 1.18
7 21.80 6.00 5.95 0.84 22.44 6.00 5.94 1.01
8 20.60 5.99 5.94 0.84 31.80 6.01 5.93 1.35
9 13.15 6.01 5.93 1.35 41.33 5.99 591 1.35
10 28.04 6.00 5.97 0.50 24.43 5.95 5.90 0.85
11 18.05 5.98 5.89 1.53 0.30 6.03 5.99 0.67
12 0.30 6.05 5.99 1.00 48.22 6.13 6.08 0.82
13 72.57 5.96 5.88 1.36 124.07 5.84 5.75 1.57

10 mm 1 72.01 6.00 5.93 1.18 144.84 5.86 5.79 1.21
2 3147 6.00 5.89 1.87 49.68 6.10 6.04 0.99
3 40.32 6.00 591 1.52 56.38 5.96 5.91 0.85
4 37.50 6.00 591 1.52 67.95 5.99 5.94 0.84
5 39.78 6.00 5.91 1.52 55.04 5.96 5.90 1.02
6 33.23 6.00 5.92 1.35 50.97 6.10 6.04 0.99
7 70.91 6.00 5.91 1.52 143.99 5.86 5.78 1.38
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Table 4 Dose-volume S . .
; DVH parameters  Stepping size of 2.5 mm Stepping size of 5 mm Stepping size of 10 mm

histogram parameters for the

treatment length of 6 cm with Target distances

various source steps and target

distances 100mm (%) 15mm (%) 10mm (%) 15mm (%) 10mm (%) 15 mm (%)
Vioon 99.05 99.85 98.86 100 99.95 100
D go% 98.00 99.70 97.60 100 99.90 100
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